
Columbia Universi ty  in t h e  C i t y  o f  N e w  Ycrk 

Lambnt Geological Observatory 

P a l i s a d e s ,  N e w  York 

S ix -mon th  S t a t u s  i l epor t :  8 a r c h ,  1965 - August, 1965  

Grant  N s G  2 3 2 - 6 2  

Kesearch on Quantities and Concentrat ions o f  E x t r a t e r r e s t r i a l  

Mat te r  t h r o u g h  Samplings of Ocean Bottoms, 

P r i n c i p a l  i x ives t iga tax - :  W i l l i a m  A ,  Cass idy  

GPO PRICE $- 

ff 653 July65 



I . Work Accomplished 

I 

I 

I 

, 
I 

I 

I 

I 

I 
I 
i 
i 
I I 

I 

I 
c 

c 
I 
I 

I I 

1 

During t h e  p e r i o d  March, 1965 - August, 1965 p r o j e c t  

r e s e a r c h  was c a r r i e d  o u t  i n  t h e  c a t e g o r i e s  o f  magnet ic  and non- 

magnetic s e p a r a t i o n s  on ocean sediment f low- in  samples ,  o p t i c a l  

and e lec t ron-microprobe  examinations o f  p o l i s h e d  s e c t i o n s  of 

s p h e r u l e s ,  magnetic s e p a r a t i o n s  on a t r a w l  sample f o r  argon- 

i s o t o p e  s t u d i e s ,  and model s t u d i e s  on underwater c r a t e r i n g .  

Work on t h e  f low- in  samples has  s t rengthened  t h e  p r o b a b i l i t y  

t h a t  t h e  b l a c k ,  magnetic spheru les  we c o l l e c t  a r e  indeed e x t r a -  

t e r r e s t r i a l  i n  o r i g i n .  E l e c t r o n  microprobe r e su l t s ,  i n  conjunc- 

t i o n  w i t h  o p t i c a l  photomicrographs, have provided  f u r t h e r  d a t a  

on element  d i s t r i b u t i o n  w i t h i n  sphe ru le s .  These r e s u l t s  a r e  

d i s c u s s e d  i n  more d e t a i l  below and i n  t h e  fo l lowing  pages ,  

A. lilagnetic and non-magnetic s e p a r a t i o n s  on f low- in  samples.  

A number of new f low- in  samples became a v a i l a b l e  du r ing  

t h i s  r e p o r t  p e r i o d ,  and w e  have been a c t i v e l y  engaged i n  s e p a r a -  

t i o n  of  microscopic  spi ierules  and o t h e r  p a r t i c l e s  whose o r i g i n  

was n o t  immediately e x p l i c a b l e .  In t h i s  work t h e  samples have 

been s i e v e d  and only p a r t i c l e s  l a r g e r  than 50 microns i n  d iameter  

have been r e t a i n e d  f o r  magnetic s e p a r a t i o n s .  

magnet ic  f r a c t i o n s  of t h e s e  res idues  have been searched  o p t i c a l l y .  

F u r t h e r  d a t a  on some of  t h e  recovered s p h e r u l e s  a r e  given i n  t h e  

s e c t  i on ti t l e d  "Pol i s  hed- s e c t i o n  examinat ions".  

Xagnet ic  and non- 

One f low- in  sample,  V20-110 ,  y i e l d e d  2 8  magnetic s p h e r u l e s  

l a r g e r  t han  50 microns from an i n i t i a l ,  very  r a p i d  s e p a r a t i o n  
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made on a sample weighing 6 - 8  kgm. This  i s  cons ide red  t b  b e  

r a t h e r  good hunt ing  and sugges t s  t h a t  our  f u r t h e r ,  more complete 

s e p a r a t i o n s ,  w i i l  y i e l d  many more. 

from which t h i s  m a t e r i a l  was taken conta ined  e x t e n s i v e  zones of 

vo lcan ic  ash i n  l a y e r s  younger than our sampling l e v e l .  The co re  

i t s e l f  had been taken from a p o i n t  around 120 mi l e s  sou th  of  t h e  

Aleu t i ans  (49°14~€J;180000~1\1') and i t  was f e l t  t h a t  t h i s  p re sen ted  

a good oppor tun i ty  t o  look i n t o  the q u e s t i o n  of a v o l c a n i c  vs 

e x t r a t e r r e s t r i a l  o r i g i n  f o r  microscopic  s p h e r u l e s :  i f  t he  sphe r -  

u l e s  d e r i v e  t y p i c a l l y  from vo lcan ic  o u t b u r s t s ,  i t  would be expec ted  

t h a t  they  w i l l  occur  much more f r e q u e n t l y  i n  t h e  v o l c a n i c  ash 

l a y e r s  than  i n  l a y e r s  of  non-volcanic  o r i g i n .  Accordingly,  one 

51 .5  gm composite sample from var ious  ash  hor izons  i n  t h i s  c o r e ,  

and one 51.5 ern f low- in  sample with much lower ash c o n t e n t ,  were 

examined f o r  s p h e r u l e s  . Resu l t s  o f  comparative sea rches  i n  t h e  

two sample types  were as  fol lows:  

I t  was no ted  t h a t  t h e  core  

(1) 51.5 gm v o l c a n i c  ash horizon composite sample: 2 
b lack ,  magnetic sphe ru le s ,  d iameters  60 and 200 microns.  

( 2 )  51.5  gm f low- in  sample: 4 b l a c k ,  magnetic s p h e r u l e s ,  
diameters  6 0 ,  6 0 ,  70 ,  and 140  microns.  

S ince  an i n v e r s e  c o r r e l a t i o n  was found between concent ra -  

t i o n s  o f  s p h e r u l e s  and v o l c a n i c  ash hor izons  i t  i s  now f e l t  t h a t  

sou rces  of t e r r e s t r i a l  contamination a r e  much less  important  t han  

had been p r e v i o u s l y  be l i eved .  A t  p r e s e n t ,  t h e r e f o r e ,  we a r e  

c o l l e c t i n g  s p h e r u l e s  from ocean sediments p r e d a t i n g  t h e  onse t  of 

i n d u s t r i a l  p roduct ion  of sphe ru le s ,  by us ing  f low- in  samples from 
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t h e  bottom of our  ocean-bottom cores .  T h i s  means t h e  s p h e r u l e s  

a r e  a t  l e a s t  n a t u r a l  i n  o r i g i n .  But t h e  p r e s e n t  work sugges t s  

t h a t  t h e  only o t h e r  probable  n a t u r a l  t e r r e s t r i a l  sou rce  of 

sphe ru le s  , volcanism, i s  an unimportant c o n t r i b u t o r ,  t h e r e f o r e  

t h e  v a s t  ma jo r i ty  o f  b l a c k ,  magnetic s p h e r u l e s  we c o l l e c t  must 

be o f  e x t r a t e r r e s t r i a l  o r i g i n .  

B Po 1 i she  d- se c t i on ex amin a t  i ons . 
The previous  r e p o r t  (September, 1964 - February,  1965) con- 

t a i n e d  a sumi;iary of op t ic$-  and e lec t ron-microscope  i n v e s t i g a -  

t i o n s  made on a p o l i s h e d  and etched s e c t i o n  o f  a magnetic sphe r -  

ule of n a t u r a l  o r i g i n  250 microns i n  diameter .  'These showed a 

s u b p a r a l l e l  l a t h l i k e  c r y s t a l l i n e  network imbedded i n  a f i n e - g r a i n e d  

m a t r i x  m a t e r i a l ,  ! - i e t a l l i c  i n c l u s i o n s  were found a t  i n t e r f a c e s  

between t h e s e  two phases .  

During t h e  c u r r e n t  r e p o r t  per iod  the p r i n c i p a l  i n v e s t i g a t o r  

was p r i v i l e g e d  t o  use t h e  e l e c t r o n  microprobe f a c i l i t i e s  a t  t h e  

U.  S. ; ; a t iona l  I:tlscwn, i iashington, D.C. This  oTpor tuni ty  has 

provided  f u r t h e r  c o n p o s i t i o n a l  dz ta  on t h e  s p h e r u l e  mentioned 

above, as well a s  s e v e r a l  o t h e r s .  F o u r  s p h e r u l e s  of undoubted 

n a t u r a l  o r i g i n  and o m  f r o 9  a t r a w l  c o l l e c t i o n  i n  r e c e n t  red  c l a y  

were examined wi th  t h e  e l e c t r o n  microprobe , and de r ived  compo- 

s i t i o n a l  d a t a  a r e  g i v e n  i n  Table I .  

n i c k e l  and i r o n  a r e  g iven  i n  Table 11. 

c e n t a g e s ,  t h e  raw d a t a  were co r rec t ed  f o r  background and compared 

t o  100% s t a n d a r d  composi t ions.  Other c o r r e c t i o n s  ( f o r  mass 

Percentage e s t i m a t e s  o f  

Tc c a l c u l a t e  t h e s e  p e r -  



a b s o r p t i o n ,  f l u o r e s c e n c e ,  e t c , )  were n o t  made because of t h e  sma l l -  

I 

I 

I s c a l e  inhomogenei t ies  be ing  measured, From t h e  photos  of t h e s e  

I s p h e r u l e s  (F igs .  1, 5, and 7)  i t  can be  seen  t h a t  t h e  zones 

occupied by d i f f e r e n t  chemical phases a r e  very  narrow - approach- 

i n g  t h e  d iameter  of t h e  e l e c t r o n  beam - and r e n d e r i n g  any c a l -  
l 

I c u l a t e d  c o r r e c t i o n s  v i r t u a l l y  meaningless , I t  may b e  worthwhile 

I 
I may be as much as  s e v e r a l  p e r c e n t  h i g h e r  t h a n ,  and t h e  t r u e  va l -  

t o  s t a t e  q u a l i t a t i v e l y ,  however, t h a t  t h e  t r u e  value f o r  n i c k e l  

ues f o r  i r o n  may be as much as  s e v e r a l  p e r c e n t  lower t h a n ,  t h e i r  

l i s t e d  e s t i m a t e s ,  due t o  mass abso rp t ion  e f f e c t s .  

The g r e a t e s t  number o f  elements was d e t e c t e d  i n  t h e  250 

micron s p h e r u l e  (F ig ,  l ) ,  which, bes ides  n i c k e l  and i r o n ,  con- 

t a i n s  s i l i c o n ,  aluminum, magnesium, and c a l c i u n .  I t  i s  cons id-  

e r e d  s i g n i f i c a n t ,  a l s o ,  t h a t  a l l  sphe ru le s  were found t o  c o n t a i n  

n i c k e l .  

F igu res  2 ,  3 ,  4 ,  6 ,  and 8 show e lec t ron-beam scanning  

photos  f o r  v a r i o u s  elements  i n  three different s p h e r u l e s .  From 

t h e s e  i t  can be seen  t h a t  s i l i c o n  tends  t o  b e  s e g r e g a t e d  i n  

p a t c h e s  o r  bands,  fo l lowing  the s t r u c t u r e  of  t h e  s p h e r u l e  i n  

v a r i o u s  ways. 

be  h i g h l y  c o n c e n t r a t e d  i n  t h e  m e t a l l i c  i n c l u s i o n s .  Nicke l  was 

found i n  a l l  t h e  s p h e r u l e s ,  b u t  i n  t hose  n o t  c o n t a i n i n g  metal- 

l i c  i n c l u s i o n s  it seemed t o  be evenly d i s t r i b u t e d  a c r o s s  t h e  

s e c t i o n .  

t h e  f i n a l  p o l i s h i n g  medium was CZl2O3, b u t  a f a i n t  p a t t e r n  i s  

p r e s e n t  i n  V16-30 (F ig .  3)  t h a t  i s  s i m i l a r  t o  t h e  s i l i c o n  p a t t e r n  

A l s o  as might b e  expec ted ,  n i c k e l  was found t o  

Apparent s e g r e g a t i o n  of aluminum may be s p u r i o u s  because 



. 

I s a n p l e  w e i g h s  0.57-0.95 gin, equa l  t o  0 . 7 0 - 1 . 1 7 %  of t h e  t o t a l  sample. 

The appa ren t  presence  of t e r r e s t r i a l  q u a r t z  and f e l d s p a r  i n  t h e  

I -5-  

for t h a t  spherule ( F i g .  2 ) .  ..iagnesiurn was n o t  found by scanning  

t 
t o  be unevenly d i s t r i b u t e d  in t h e  one sphe ru le  where a t r a c e  was 

, no ted ,  b u t  t h i s  may have been be low the  c a p a b i l i t i e s  o f  t h e  

scanning  method. I t  seems l i k e l y  that V16-30 con ta ins  an i n t e r -  

s t i t i a l  s i l i c e o u s  phase t h a t  a l s o  con ta ins  o t h e r  rock-forming 
I 

I c a t i o n s .  Whether t h i s  i s  s i m i l a r  o r  n o t  t o  m e t e o r i t i c  s i l i c a t e  

m a t e r i a l  i s  n o t  known a t  p r e s e n t .  

C. Trawling c o l l e c t i o n s .  

Very c a r e f u l  magnet ic  s e p a r a t i o n s  on a t r a w l  sample of red  

c l a y  from the  mid -Pac i f i c  have been i n  p rogres s  f o r  over  one year .  

The goa l  has  been t o  e x t r a c t  v i r t u a l l y  a l l  t h e  magnet ic  f r a c t i o n  

from a s u b s t a n t i a l  sample of  red  c l ay ,  t h e r e f o r e  no s i e v i n g  process  

was c a r r i e d  o u t  t o  reduce t h e  volume o f  t h e  o r i g i n a l  sample. 

Weight o f  the red c l a y  sample was 80.92 gm, and t h e  recovered  crude 

magnet ic  f r a c t i o n  weighs 3.79 gm. Of this crude f r a c t i o n ,  15-25% 

consists of opaque magnetic mine rz l s ,  whi le  2 5 - 2 0 %  appears t o  be 

q u a r t z  o r  f e l d s p a r  and 60-55% apparent ly  c o n s i s t s  of a r e d ,  t r a n s -  

p a r e n t ,  c r y s t a l l i n e  m a t e r i a l .  I f  t h e  opaque magnet ic  minera ls  a r e  
I 
I 

I t h e  ones g iv ing  t h e  a rgon- i so tope  anomalies r e p o r t e d  by iderrihue 
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of t h e  observed anomalies .  

Large magnetic sphe ru le s  a r e  n o t  p a r t i c u l a r l y  common i n  the 
t 
I r ed  c l a y  mentioned above. 

a S tokes '  Law d e n s i t y  measurement of 4 . 5 8  gm/cn3 and a c a l c u l a t e d  

mass o f  4 . 1 4  X 10" gm. 

o t h e r s  a r e  r epor t ed  i n  t h e  s e c t i o n  t i t l e d  "Po l i shed- sec t ion  exam- 

ina t ions" .  

One, 140 microns i n  d iameter ,  y e i l d e d  

Compositional d a t a  .on t h i s  sphe ru le  and 

I 
D. Rad ioac t iva t ion  a n a l y s i s  . 

I This  remains a p a r t  o f  t h e  r e sea rch  program b u t  l i t t l e  was 

done on i t  dur ing  t h e  p e r i o d  o f  t h i s  r e p o r t .  S t u d i e s  are under-  

way toward computer a n a l y s i s  o f  da t a  b u t  t h e s e  w i l l  r e q u i r e  more 

i 
1 
I 

I time b e f o r e  any r e s u l t s  a r e  obta ined .  

I E .  Plodel s t u d i e s  on underwater  c r a t e r i n g .  

1 

~ 

A more e l a b o r a t e  exper imenta l  arrangement has been s e t  up, 

w i t h  a poo l  of  wa te r  f i v e  f e e t  deep. 

p la t form" which can be lowered t o  have 0 - 4  f e e t  o f  water ove r ly ing  

it. Th i s  a l lows  us t o  make adjustments  i n  depth  o f  w a t e r ,  as w e l l  

as d i s t a n c e  between t h e  bottom and t h e  exp los ive  charge.  

each  exp los ion  t h e  p l a t fo rm can be l i f t e d  o u t  of  t h e  w a t e r  f o r  

examinat ion  o f  t h e  r e s u l t i n g  bottom t r a c e s .  

!de now have a " c r a t e r i n g  
I 

I 
I 
I 

i 
i 

After 

11. Pro jec t ed  Work 

A, i l a g n e t i c  and non-magnetic s epa ra t ions  on f low- in  samples . 
j Our program of supply ing  magnetic f r a c t i o n s  of  r ed  c l a y s  t o  

l a b o r a t o r i e s  r e q u i r i n g  them i n  t h e i r  s ea rch  f o r  cosmogenic n u c l i d e s  
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w i l l  cont inue .  Searches f o r  magnetic and non-magnetic sphe ru le s  

w i l l  cont inue  i n  connect ion wi th  o u r  own composi t iona l  s t u d i e s .  

B.  P o l i s h e d - s e c t i o n  examinat ions,  

As a r e s u l t  of work r epor t ed  h e r e  and i n  p rev ious  summaries, 

i t  i s  f e l t  t h a t  t h e  combined approach t o  p o l i s h e d - s e c t i o n  s t u d i e s  

i s  capable  of g r e a t  ref inement  and w i l l  be a very  powerful  t o o l  

i n  s t u d y i n g  these  microscopic  o b j e c t s .  A t  p r e s e n t  w e  a r e  u s i n g  

o p t i c  a1  photomicrography , e l e  c t  ron  photomicrography , and e l e  c t  ron- 

microprobe a n a l y s i s  on t h e  same po l i shed  s e c t i o n .  Each method 

y i e l d s  i t s  own s e t  of d a t a  which gains  i n  va lue  when combined 

w i t h  d a t a  from t h e  o t h e r  methods. For example, o p t i c a l  d a t a  on 

r e f l e c t i v i t y  i n d i c a t e  t h e  presence of oxide and m e t a l l i c  phases 

and a l low an e s t i m a t e  of  t h e i r  r e l a t i v e  p r o p o r t i o n s .  Pee l s  from 

e t c h e d  s u r f a c e s  , photograghed i n  the  e l e c t r o n  microscope, i n d i -  

c a t e  d i f f e r e n c e s  i n  g r a i n  s i z e  between chemical phases and a l low 

g r e a t e r  magn i f i ca t ion  than r;hotos by t h e  o p t i c a l  microscope. Sub- 

sequen t  e lec t ron-microprobe  analyses  g i v e  d a t a  on element d i s t r i -  

b u t i o n  between phases  t h a t  could n c t  b e  ob ta ined  wi thou t  t h e  h e l p  

of t he  photographs ob ta ined  by the  o t h e r  methods. This  combined 

approach appears  t o  be a unique one i n  t h i s  type of  i n v e s t i g a t i o n ,  

and i t  w i l l  be developed f u r t h e r  i n  t h e  f u t u r e  by ref inement  of 

t echn iques  and e x t e n s i o n  t o  more i n d i v i d u a l  s p h e r u l e s .  

C. Trawling c o l l e c t i o n s  . 
Examination of trawl samples f o r  e x t r a t e r r e s t r i a l  m a t e r i a l  

w i l l  con t inue  as t h e  sarnples become a v a i l a b l e .  
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D. Nondestruct ive r a d i o a c t i v a t i o n  a n a l y s i s .  

S tud ie s  l ead ing  toward computer a n a l y s i s  of d a t a  will be 

cont inued.  Analysis  o f  sphe ru le s  f o r  r a r e r  e lements  wi th  lower 

concen t r a t ions  than c3n be d e t e c t e d  w i t h  t h e  e l e c t r o n  microprobe 

w i l l  be emphasized a s  a, f u r t h e r  a m p l i f i c a t i o n  o f  t h e  combined 

approach desc r ibed  i n  Sec t ion  11. B.  

E. Flodel S t u d i e s  on underwater c r a t e r i n g .  

Coarse parameters  f o r  t h e  formation o f  impact t r a c e s  on t h e  

ocean f l o o r  w i l l  be a r r i v e d  a t  without  t a k i n g  account o f  s c a l i n g  

e f f e c t s .  These w i l l  be considered i n  t h e  f u t u r e .  Resu l t s  i n  t h e  

c u r r e n t  series of  experiments  w i l l  be  summarized i n  a succeeding 

r e p o r t .  

F ,  Phase-equi l ibr ium s t u d i e s .  

kligh- tempera ture  phase-equi l ibr ium s t u d i e s  have been inc luded  

i n  a pending p roposa l  f o r  ex tens ion  o f  t h i s  g r a n t .  

be conducted i n  t h e  system Fe-FeO-AgO-SiOZ, a knowledge of which 

i s  b a s i c  t o  o u r  unders tanding  o f  p rocesses  invo lv ing  t h e  formation 

and chemical  e v o l u t i o n  o f  m e t e o r i t e s ,  a s  w e l l  as cosmic dus t .  This  

would b e ,  i n  p a r t ,  an ex tens ion  of t h e  p r i n c i p a l  i n v e s t i g a t o r ' s  

d o c t o r a l  r e s e a r c h ,  

be found t o  undertake p a r t  of t h i s  work, and conve r sa t ions  with a 

s u i t a b l e  cand ida te  a r e  now t ak ing  p l a c e .  The e x t e n t  of t h e  i n v e s t i -  

g a t i o n s  proposed i n  t h i s  s e c t i o n  w i l l  depend on f i n d i n g  the r i g h t  

person  t o  c a r r y  them o u t .  

These w i l l  

I t  i s  hoped t h a t  an a s s o c i a t e  i n v e s t i g a t o r  w i l l  
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Table  11. Percentzge  estimates of  N i  and Fe  

i n  f i v e  b l a c k ,  magnet ic  s p h e r u l e s .  

I V16- 79-16011 

1 BBDH 1- 1 4 0 p  

BBD#1-140~ 
t ( m e t a l l i c  i n c l u s i o n s )  

Pe rcen t  ?I i Percent  Fe 

4 . 1  - 7 . 2  63.6 - 64.8 

0.1 - 0 . 2  59.3 - 71.9 

1 5 . 8  - 24.3 63.9 - 67.0 

0 , s  - 1.5 51.0 - 63.2 

2 . 2  - 3 . 8  6 2 , 3  - 64.5 

0.2 - 0 . 7  70.6 - 7 2 , l  



FIGURES 



Fig. 1. Pol ished s e c t i o n  of  a b lack  magnetic syhe ru le  250  microns 
i n  diameter  from V16-30, Note r a d i a t i n g ,  l a t h l i k e  s t ruc -  
t u r e .  This  s ?he ru le  was desc r ibed  i n  g r e a t e r  d e t a i l  i n  t h e  
previous r e p o r t .  

Fig. 2 .  Electron-beam scznning  p h o t o  of ? a r t  o f  V16-30 (250  microns) 
i n  the l i g h t  o f  SiKy.. 
t o  have t h e  same. p a t t e r n  as  t h e  l a t h s  o r  as t h e  i n t e r s t i c e s  
between t h e  l a t h s .  

Note t h a t  s i l i c o n  c o n c e n t r a t i o n s  aFpear 





Fig ,  3. Electron-beam scanning  photo of  p a r t  o f  V16-30 (250  microns)  1 

f a i n t l y  . I 

I 

i n  t h e  l i g h t  of  A l K -  Apparent s e g r e g a t i o n s  o f  aluminum I 

may b e  s p r i o u s ,  b u t  t h e  r a d i a t i n g  l a t l i l i k e  p a t t e r n  appears  I 

F i g .  4 .  Electron-beam scanning  photo  of p a r t  o f  V16-30 ( 2 5 0  microns)  
i n  t h e  l i g h t  of A g K % A  
b u t  may be only  background, ciue t o  low observed concent ra -  
t i o n s  of  t h a t  e le lsent .  

Magnesium d i s t r i b u t i o n  appears  even ,  





Fig.  5. Pol i shed  s e c t i o n  of a b l ack ,  magnet ic  s p h e r u l e  160 microns 
in o v e r a l l  d iameter  from V16-79. Note b l ack  i n t e r s t i t i a l  
i n c l u s i o n s .  

Fig.  6, Electron-beam scanning  photo  of p a r t  o f  V16-79 (160 microns)  
i n  the  l i g h t  of SiI(;&. These match t h e  b l ack  i n t e r s t i t i a l  
i n c l u s i o n s  of  F igure  5, which t h e r e f o r e  appear  t o  be  r i c h  
i n  s i l i c o n .  





I 

Fig .  7 .  Po l i shed  s e c t i o n  of  a b l a c k ,  magnet ic  s p h e r u l e  140 microns I 
i n  d iameter  from trawl sample B B D # l .  Note h i g h l y  r e f l e c t -  1 

i ng  m e t a l l i c  i n c l u s i o n s .  l 

I , 

Fig .  8. Electron-beam scanning  photo o f  p a r t  o f  G B D # l  i n  t h e  
l i g h t  o f  N i K G .  
t r a t i o n  match l o c a t i o n s  o f  m e t a l l i c  i n c l u s i o n s .  

Note t h a t  areas  o f  h i g h  n i c k e l  concen- 




